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SUMMARY 

ifeS'S'l 

An investigation to determine the effects of leading-edge bluntness on the 
characteristics of laminar boundary- layer separation induced on a flat plate by 
a trailing-edge ramp has been conducted in the Langley 15-inch hypersonic flow- 
apparatus. Three leading-edge radii and five ramp deflection angles (0° to 4o°) 
were tested on the plate at a Mach number of 10.05 and nominal Reynolds numbers 
of 1.26 X 105 and I.56 X 10^ per inch (^.96 X 10^ and 6.l4 x 10^ per meter). 

All tests were made at zero angle of attack, and end plates were used to approx- 
imate two-dimensional flow conditions. 

The results of the investigation indicate that at a Mach number of 10. 05 
there are considerable effects of leading-edge bluntness on the flow- separation 
characteristics. The pressure rise through the interaction region to the pres- 
sure plateau is much less and the extent of the separation region is much 
smaller with the 0.102-inch ( 0.258- cm) nose radius than with the sharp nose 
radius (radius less than 0.001 inch (0.005 on)) for each ramp deflection angle. 
The pressure rise and the length of the separated-flow region are reduced by 
more than one-third for the higher ramp angles. A further increase in the nose 
radius to 0.205 inch (0.517 cm), however, produces only small additional changes 
in the pressure distribution and in the extent of the separation region. A 
comparison of the plateau pressure-rise coefficients with data from studies on 
sharp-nose plates indicates that the boundary-layer momentum thickness and the 
local Mach number and Reynolds number at the beginning of the interaction form 
the proper basis for comparison of boundary- layer separation characteristics on 
blunt- and sharp-nose configurations. 



INTRODUCTION 


An understanding of flow-separation phenomena is of great importance in the 
design of aircraft because the difference between the actual surface pressure 
distribution in a region where the flow is separated from the surface and the 
distribution predicted theoretically for flow following the surface contour may 
be very large. A large difference in these distributions could result in an 
appreciable alteration of the aerodynamic forces and moments acting on an air- 
craft or its components. 



Shock waves, such as those generated by deflected control surfaces in 
supersonic flows, frequently impose a suff iciently strong pressure gradient. on 
the boundary- layer flow to cause flow separation ahead of the shock. At hyper- 
sonic speeds, the effects of such separation are especially pronounced because 
of the large pressure ratio across the strong shock waves generated by even 
small flow deflections. 

Several experimental studies of flow separation involving laminar boundary 
layers have been made at supersonic and hypersonic speeds. (See, for example, 
refs. 1 to 4.) The flow separation studied has generally been that occurring 
when the laminar boundary layer on a sharp-edge plate interacts with a shock 
wave generated either by an external source or by a ramp or forward-facing step 
on the plate surface. These studies for sharp-edge plates have shown that the 
strength of this imposed shock wave and also the local Mach number and Reynolds 
number at the beginning of the interaction (i.e., where the basic surface pres- 
sure distribution is first increased by the flow separation) are the important 
parameters that affect the extent of the region of separated flow and the asso- 
ciated surface pressure distribution. Most designs for hypersonic aircraft, 
however, require some degree of bluntness on wing leading edges in order to 
avoid structural and heating difficulties. The fact that leading-edge blunt- 
ness has a strong effect on the local flow parameters near the wing surface for 
a considerable distance behind the leading edge indicates that bluntness will 
strongly affect any flow separation which occurs. 

Therefore, the present investigation was undertaken to determine the 
nature of the effects of leading-edge bluntness on shock- induced two-dimensional 
laminar flow separation at hypersonic speeds. Surface pressure distributions 
were obtained on a flat-plate model with variable degrees of leading-edge blunt- 
ness; trailing-edge ramps of various deflection angles were used to generate 
flow separation. Plate leading-edge radii ranged from approximately 0 to 
0.205 inch (0.517 cm) and ramps provided deflection angles from 0° to 4-0°. The 
test Mach number was 10.03, and most of the tests were made at a nominal free- 
stream Reynolds number of 1.26 X 10^ per inch (4 -. 96 X 10^ per meter). End 
plates were used on the model to approximate two-dimensional flow conditions in 
the central region of the plate where the pressure distributions were measured. 


SYMBOLS 


The units used for the physical quantities defined in this paper are given 
both in the U.S. Customary Units and in the International System of Units (Si). 
Factors relating the two systems are given in reference 5* 


C P,P 


plateau pressure coefficient. 


Pp " Po 
So 


Cf local skin-friction coefficient 

K empirical constant in plateau pressure correlation 
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L 

l 

M 

P 


V 


total model length, 10 inches (25.^ centimeters) 

length of flat surface ahead of ranrp leading edge, 8.725 inches 
(22.16 centimeters) 

Mach number 

static pressure 

static pressure at point on basic plate (9 - 0°) corresponding to the 
beginning of interaction on plate with ramp deflection 


1 


dynamic pressure 

Reynolds number based on free-stream conditions. 


PoqVcp* 

P» 


R 


x.o 


Reynolds number based on test conditions at beginning of interaction, 
PqVq x o 
Po 


Rj^o Reynolds number based on x Q and test conditions at beginning of 

interaction, ^Q^o x o 
Po 

r plate leading-edge radius 

T temperature 

V velocity 

x longitudinal coordinate, origin at beginning of flat surface of plate 

(see fig. l) 

x length of sharp- leading- edge plate necessary to attain momentum thick- 

ness equal to that at coordinate x on blunted plate 

9 = /Im 2 - l| 

9 ramp deflection angle 

p coefficient of viscosity 

p mass density of air 

Subscripts: 

o conditions at beginning of interaction 

p conditions in pressure-plateau region 
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each had a chord of 1.25 inches (5.18 cm) and a span of 6 inches (15.2 cm). 

In addition to the sharp nose radius of the basic plate (r < 0.001 inch 
(0.005 cm)), two interchangeable hemicylindrical noses with radii of 0.102 and 
0.205 inch ( 0.258 and 0.517 cm) were provided for varying the degree of nose 
bluntness. (See figs. 1 and 2.) End plates were used to produce two- 
dimensional flow conditions over the central region of the model surface. 

Nineteen orifices for surface pressure measurements were located along 
the center line of the plate. Nine additional orifices were located on each 

of the ranrps; however, the pressure- 
distribution data for the ramps are not 
presented because difficulties arose in 
obtaining reliable pressure measurements 
with the type of gage used with the ramp 
orifices. Thermocouples for surface tem- 
perature measurements were embedded at 
five locations on the plate and two loca- 
tions on each ramp. The locations of the 
plate orifices and the thermocouples are 
given in table I. 

(a) r < 0.001 in. (0.003 cm); 

9 = 30° (near end plate removed) . 




(1) r = 0.102 in. (0.258 cm); 

9 = 20° (near end plate removed). 
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(c) r = 0.203 in. (0.517 cm); 

9 = 40° (both end plates in 
place) . 


TABLE I.- LOCATIONS OF ORIFICES AND TEEIW0C0UPLES ON MODEL 1 



1 AH pressure orifices and thermocouples are located within 0.01 Inch 
(0.05 cm) of the center line. Ramp thermocouples are 0.125 inch (0.3 cm) 
from the center line. 


Figure 2.- Photographs of three model 
configurations . 
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APPARATUS AND TESTS 


The tests were conducted in the Langley 15-inch hypersonic flow apparatus, 
a blowdown facility with running times of up to 2^- minutes. The flow is very 

nearly uniform at a Mach number of 10.03 throughout a central region approxi- 
mately 10 inches (25.4 cm) in diameter and at least l 6 inches (4l cm) long at 
the test-section window (ref. 6 ). 

Surface pressures on the plate were measured with heat -conduct ion type 
gages having a sensitive range from 0.01 to 0.10 psia (0.07 to 0.J0 kN/m.2). 
These gages were all simultaneously calibrated with the reference pressures in 
both ascending and descending order so that possible hysteresis effects could 
be determined. Model surface temperatures were measured with chromel-alumel 
thermocouples embedded in the model surface; the reference junction was main- 
tained at 150° F (559° K) . All data were recorded on strip charts with pens 
positioned by self-balancing potentiometers. 


The pressure gages for measuring the plate pressure distributions were 
mounted outside the tunnel and connected to the 0 . 060 -inch-diameter (l. 5 -mm) 
orifices by means of 0 . 090 -inch ( 2 . 3 -rom) inside-diameter stainless- steel tubing. 

The length of the tubing was kept as short as possible ^less than 2^ feet 

( 0.76 m)j to minimize the pressure lag times. An approximately constant surface 


temperature was maintained by circulating cooling water through the strut into 
an internal cavity of the model (fig. l). Circulating water through the model 
also kept the temperature uniform for all test runs. 


The principal series of tests was made at a nominal stagnation pressure of 
815 psia (5*^2 MN/m.2) and a stagnation temperature of 1100° F (866° K) ; the 
corresponding free- stream Reynolds number was 1.26 X per inch ( 4.96 X 10^ 
per meter) . In order to investigate the effects of increasing the Reynolds 
number to about I .56 X 10^ per inch (6.l4 X 10^ per meter), three additional 
runs were made with p^ « 1015 psia (7-00 MN/m2) and T-f. ~ 1130° F ( 883 ° K) . 

Table II lists the configurations and the corresponding free- stream unit 
Reynolds numbers for the present investigation. No test data were obtained for 
the configuration with the plate leading- edge radius less than 0.001 inch 
( 0.003 cm) and the ramp deflection angle of 40° because of the blockage of this 
configuration, which prevented the tunnel from starting. Although blunt-nose 
configurations presumably would impose more tunnel blockage than sharp-nose 
configurations, the addition of nose bluntness in the present investigation, in 
fact, reduced the strength of the shock wave ahead of the 40° ramp sufficiently 
to reduce the total blockage and allow the tunnel to start. 


It should be noted that the stagnation temperatures used in the present 
investigation are below those theoretically required to avoid air condensation; 
however, the results of references 7 and 8 have shown that sufficient super- 
saturation occurs in Mach 10 wind tunnels to prevent liquefaction for stagnation 
temperatures at least 100° F or 56 ° K below those actually used for the present 
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tests. Independent experiments reported in reference 9 confirm the validity 
of these results for the hypersonic flow apparatus used in the present 
investigation. 

TABLE II.- CONFIGURATIONS TESTED IN PRESENT INVESTIGATION 


(a) U.S. Customary Units 


Leading-edge 

radius. 

— 

End 

plates 


Free- stream Reynolds number per inch f 
ramp deflection angle of - 

or 

in. 

0° 

10° 

20° 

30 ° 

4 o° 

0.001 

On 

1.27 x 

10 5 

1.26 X 10 5 
1.54 

1.24 X 10 5 

1.26 X 10 5 


.001 

Off 

1.28 


1.30 

1.25 

1.18 


.102 

On 

1.26 

1.58 


1.27 

1.22 

1.28 

I.56 

1.23 x 10 5 

.102 

Off 





1.27 


.203 

On 

1.25 


1.26 

1.23 

1.31 

1.29 

.203 

Off 

1.26 


1.28 


1.26 



(b) International System of Units 


Leading- edge 
radius. 

End 

plates 

Free- stream Reynolds number per meter 
ramp deflection angle of - 

for 

cm 

0° 

10° 

20° 

30° 

O 

O 

-4* 

0.003 

On 

5.00 X 10 6 

4.96 X 10^ 
6.06 

4.88 x 10^ 

4.96 X 10 6 


.003 

Off 

5-04 

5.12 

4.92 

4.65 


.258 

On 

4.96 

6.22 

5-00 

4.8o 

5-04 

6.14 

4.84 x 10 6 

.258 

Off 




5.00 


.517 

On 

4.92 

4.96 

4.84 

5.16 

5.08 

.517 

Off 

4.96 

5.04 


4.96 
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The wall temperatures of the plate and ramps varied somewhat for the dif- 
ferent runs, primarily because of the effects of flow separation on heat trans- 
fer to the surface. The range of the ratio of wall temperature to free- stream 
static temperature for the present test series is shown in figure 3 . No 
attempt was made to extract heat-transfer information from the wall temperature 
measurements . 

It was expected that the low- speed flow in the region of flow separation 
on the plate would be sensitive to any lateral pressure gradients which might 
exist because of edge effects of the finite-span ramps. For this reason, end 

plates were used on the model in the principal series of tests to ensure essen- 

tially two-dimensional flow conditions. Some additional runs were made without 
end plates so that comparison data could be obtained and schlieren photographs 
could be taken. In figure 4 the pressure distributions are shown for some typ- 
ical configurations with and without end plates. As can be seen, removing the 

end plates has no effect on the basic pressure distributions either on the 
plates with no separation or on the surface areas ahead of the separated-flow 
regions. However, removal of the end plates in the separated-flow regions 
causes a reduction of the pressure distributions. These results indicate that 
there is no significant Interaction of the end plates with the flat-plate 
boundary layer, and that the lowering of the pressure distributions in the 
separated-flow region when the end plates are removed is due to the outflow of 
air around the ends of the ramps. 



Figure Range of ratio of wall to free- stream temperature for 
complete test series. 
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Figure 4.- Effect of use of end plates on the pressure distri- 
bution for several configurations . 


In order to accommodate the outputs from the thermocouples and pressure 
gages to the available strip-chart recorders } the pressure gages were divided 
into three groups of 9 or 10 gages each. All the pressure data were obtained 
on 10 recorders by recording data from the gages of each group simultaneously 
and switching electrically among the groups during the run. The procedure fol- 
lowed in testing was to start the tunnel with the switch in the first position 
and then to wait at least ^5 seconds to allow for the lag in the pressure 
tubing; the rest of the cycle through the other two switch positions was com- 
pleted in approximately 15 seconds. The switch was returned to the first posi- 
tion so that a check on any change which might have occurred during the cycling 
time could be made. (Trials before the testing had. shown that the pressure 
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tubing had lag times on the order of 30 seconds.) The stagnation conditions 
and model surface temperatures were recorded continuously throughout each run. 


ACCURACY OF DATA 


The manufacturer's quoted accuracy of the gages used to measure the plate 
surface pressures is 1 percent of the range of 20 millimeters of mercury 

(2.7 kN/m^), or about 0.004- psia (0.03 kN/m^), based on point repeatability. 
The calibration procedure used is considered to be sufficiently accurate to 
produce no additional significant errors. 

At the low pressure levels involved in the present studies, considerable 
difficulty was experienced in eliminating outgassing and vacuum leakage in the 
joints and tubing which led from the orifices to the gages. Despite consider- 
able efforts to reduce all leakage, a sufficient amount remained to make the 
data at four orifices useless and to cause small increases in the pressures 
measured at several others. These apparent increases have been accounted for 
in fairing the curves of the plotted data. 


RESULTS AND DISCUSSION 


Presentation of Results 

The effects of ramp-angle variation on the flow over the sharp-nose flat 
plate are shown in the schlieren photographs of figure 5 and. in the center-line 
surface pressure distributions of figure 6. The effects of nose bluntness are 
shown in the schlieren photographs of figure 7 and the surface pressure distri- 
butions of figure 8. In figure 9 is presented the effect of leading-edge blunt - 

P " Pn 

ness on the magnitude of the ratio — - — — , which represents the increment in 

*^oo 

pressure above the level at the beginning of the interaction (i.e., where the 
pressure distribution is first increased by the flow separation) . These data 
are also presented in figure 10 with the basic pressure distribution (0 = 0°) 
subtracted in order to show the total difference between the pressure distribu- 
tion resulting from flow separation and the distribution that would exist in 
the absence of separation (i.e., if the basic flat-plate pressure distribution 
continued up to the ramp hinge line)* The effects of leading-edge bluntness 
and ramp deflection angle on the characteristics of the separated- flow region 
are summarized in figure 11 j the local Mach number and Reynolds number at the 
beginning of the interaction are also plotted in this figure. In figure 12, 
the pressure distributions for the flat plate with no ramp deflection are com- 
pared with theory for three leading-edge radii. Figure 13 presents the results 
of correlations of the data obtained In the present investigation with results 
from other sources. 
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Experimental Results 



(a) 6 = o°. 



Ob) e = io°. 



(o) e = 20°. 



(a) e = 50°. L-65-9054 

Figure 5*- Schlieren photographs showing 
the effect of varying ramp deflection 
angle on the flow over a flat plate with 
a sharp leading edge. B^/x = 1.26 X 10^ 

per inch (4.96 X 10 ^ per meter); 

r < 0.001 inch ( 0.003 cm); end plates 

off. 


Effect of ramp angle .- The schlieren 
photographs of figure 5 show the changes 
in the flow pattern for the sharp- 
leading-edge plate as the ramp angle is 
varied from 0° to 50°. Above the plate 
surface are light lines indicating shock 
waves and a dark line indicating the 
density gradient at the edge of the 
thermal boundary layer. Inasmuch as the 
thermal and velocity boundary layers very 
nearly coincide for laminar flow at 
hypersonic speeds, the dark line also 
indicates the approximate edge of the 
velocity boundary layer. The flow- 
separation region appears in the photo- 
graphs as the part of the boundary layer 
ahead of the ramp downstream of the point 
where the angle relative to the plate of 
the boundary-layer edge (dark line) sud- 
denly changes. As the angle of the ramp 
with constant length is increased, the 
beginning of the separated-flow region 
moves forward on the plate. The corre- 
sponding movement of the sharp pressure 
rise which precedes the almost constant 
level or "plateau" pressure, which is 
characteristic of flow separation, can be 
seen in figure 6. This plateau pressure, 
which occurs for all nose bluntnesses, 
increases with increased ramp deflection 
angle while the separation point simul- 
taneously moves forward on the plate. 

As a result, an increasing percentage 
of the plate area is exposed to an 
increasing amount of pressure as the 
ramp deflection angle increases. This 
effect may be seen clearly in the sum- 
mary plots of figure 11. 

Effect of nose bluntness .- The 
effect on the flow pattern of increasing 
the leading- edge radius is shown in the 
schlieren photographs of figure 7 for 
the 30° ramp. Unfortunately, the 
boundary- layer edge is not visible for 
the blunt-nose plates because the very 
low density of the flow near the body 
decreases the sensitivity of the schlie- 
ren system and because the highly curved 
shock wave produces strong density 
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gradients throughout the entire nonuniform flow region that tend to obscure the 
density gradient at the boundary- layer edge. However, increasing the bluntness 
moves the shock wave originating at the separation point rearward; this move- 
ment indicates that increased bluntness results in an appreciable reduction in 
the extent of the separated region. 
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Figure 6.- Effect of ramp deflection angle on the flat-plate 
pressure distribution for the three leading-edge radii. 

End plates onj Roo/x = 1.26 X 105 per inch ( 4.96 x 10^ 
per meter') . 

The reduced, lengths of the separated regions are evident in the pressure 
distributions of figure 8. In this figure, however, the effects of the blunt- 
ness on the magnitude of the separated-flow pressure rise are somewhat obscured 
by the more fundamental effect of increased basic flat-plate pressure distribu- 
tions. Figures 9 and 10, which include the same data brought to a common basis 
for comparison, show that the pressure rise from the beginning of the interac- 
tion to the pressure plateau and the length of separation are considerably 
reduced by increasing the nose radius from less than 0.001 to 0.102 inch (from 
r < 0.003 to r = 0.258 cm). Increasing the nose radius from 0.102 to 0.203 inch 
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(a) r < 0.001 in. ( 0.003 cm). 



(b) r = 0.102 in. (0.258 cm). 
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(c) r = 0.203 in. (0.517 cm). 


( 0.258 to 0.517 cm); however, produces 
only a small further reduction in the 
separation length and practically no fur- 
ther reduction in the pressure rise to 
the plateau. These results clearly show 
that, within the test ranges, leading- 
edge bluntness produces a favorable mod- 
eration of the effects of laminar 
boundary- layer separation due to pressure 
rises associated with components such as 
air inlets and deflected controls. 

It is expected that these moderating 
effects of leading-edge bluntness on the 
characteristics of the separated-flow 
region are associated with the large 
bluntness-induced changes in the flow 
properties on the plate. In order to 
examine this relationship, the local Mach 
number and Reynolds number at the begin- 
ning of the interaction leading to sepa- 
ration were calculated by assuming for 
the two blunt-leading-edge plates that 
the flow at the edge of the boundary 
layer had passed through a nearly normal 
segment of the shock wave generated by 
the blunt nose and that the stagnation 
pressure was constant along the boundary- 
layer edge. The normal shock relations 
for the free-stream Mach number (10.05) 
and stagnation pressure were used to find 
the stagnation pressure behind the shock, 
which, according to the above assumption, 
is also the local stagnation pressure 


just outside the boundary layer. The 

? hot ^ ra ^ hs shovi 5 g ratio of the measured local static pres- 
ide effect of varying the leading-edge , , ^ r 

radius on the flow over a flat plate sure to this local stagnation pressure 

with a 30° ramp. B^/x = 1.26 x io^ was used in the isentropic flow relations 

per inch ( 4.96 x 106 per meter); end to obtain the local Mach number at the 

plates off. edge of the boundary layer. For the 

sharp-nose plate, the oblique- shock rela- 
tions were used to determine the local stagnation pressure; a 12 ° leading-edge 
shock angle (measured from the schlieren photographs) was used in this calcula- 
tion. The local Mach number was then found as previously. The local Reynolds 
number for each test was found by using the local Mach number and stagnation 
pressure, the stagnation temperature, and the length along the plate to the 
beginning of the interaction. As may be seen in figure 11, both Mq and R x ^ 0 


decrease rapidly with increasing leading-edge radius and become nearly constant 
for leading-edge radii greater than about 0.1 inch (0.3 cm). 
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0 a .2 ,3 0 10 20 30 40 

r, inches 0, degrees 

Figure 11.- Summary of the effects of leading-edge bluntness and ramp deflection angle on the 
plateau pressure and length of separated- flow region and on the local flow conditions at 
the beginning of the interaction leading to separation. End plates on; plain symbols 
indicate Ha>/x = 1.26 x 10^ per inch {k .96 X 10^ per meter); flagged symbols indicate 
Roo/x = 1-55 X lCp per inch (6.10 X 10^ per meter). 
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The results of reference 10 indicate that lowering the Mach number tends 
to reduce the plateau-pressure level and the extent of the separation region, 
whereas lowering the Reynolds number has the opposite tendency. It is evident 
from figure 11 that the Mach number reduction is dominant in the present case, 
in that a net decrease of more than one-third in both the pressure rise through 
interaction and the length from the beginning of the interaction to the ramp 
hinge line resulted from blunting the nose of the plate with the JO 0 ramp. 
Smaller decreases occurred for the 10° and 20° ramps. Another indication of 
the relative independence of the flow with respect to Reynolds number is shown 
by the flagged symbols. Reynolds number effects on laminar separation, of 
course, may be more important outside the ranges of Mach number and Reynolds 
number investigated. 

Although the low Reynolds numbers on the blunt plates would appear to pre- 
clude it, there is a possibility of boundary-layer transition at reattachment 
due to the adverse pressure gradient in that region of the ramp. Even if tran- 
sition should occur at reattachment, however, it is expected that the upstream 
effect of the transition on the separated region would be small and would con- 
sist mainly of a slight decrease in the plateau-pressure level. (For example, 
see figs. 11 and 12 of ref. 1.) The increased stability of laminar flow at 
high Mach numbers makes the occurrence of transition in the reattachment region 
on the sharp-leading-edge plates very unlikely. Inasmuch as reattachment of 
the separated boundary layer occurs toward the ends of the ramps and the effect 
of ramp length was not investigated, there is a possibility that longer ramps 
might allow larger separated regions to form in some instances and thus might 
affect the results regarding the length of the separated-flow region. 


Comparison With Theory 

Viscous-interaction theory .- The pressure distribution induced on a sharp- 
edge flat plate is a result of the displacement effect of the plate boundary 
layer on the external flow. Several theoretical methods for predicting the 
induced pressure distribution on a sharp-edge plate have been derived from ana- 
lytical studies of the interaction phenomenon. The predictions of the first- 
and second-order weak interaction theories of reference 11 and the first-order 
strong interaction theory (for Prandtl number of O. 725 ) of reference 12 are 
compared with the present flat-plate pressure measurements (with 9 = 0°) in 
figure 12. The modified second-order weak interaction theory of reference 12 
was also calculated, but was found to coincide with the ordinary second-order 
theory of reference 11 for values of x/L greater than about 0.15 for the 
present test conditions. All three viscous-interaction predictions agree 
closely with one another and with the experimental results for the sharp-edge 
plate; thus the experimental accuracy does not justify selection of one theory 
from among them. 

Blast-wave theory .- For a blunt-nose body the strong bow shock wave, rather 
than the viscous boundary layer, is the dominant influence in determining the 
flow. Thus, the pressure distribution on the blunt plate may be predicted by 
using two-dimensional blast-wave theory, which is based on an analogy to the 
unsteady flow resulting from a planar explosion. (See, for example, ref. 13- ) 
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The predicted pressure distribution of blast-wave theory is compared in fig- 
ure 12 with the experimental results of the present investigation. In general, 
the theoretical predictions are in good agreement with the measured pressure 
distributions on the flat plate (9 = 0°) for the two blunt noses. 



x/l 


Figure 12.- Effect of leading-edge bluntness on the flat-plate pressure 
distribution with no ramp deflection (9 = 0°). End plates on; 

3to/x = 1.26 X 10^ per inch (4.96 x 10^ per meter). 


Correlation of plateau pressure coefficients .- As was shown in figures 11 
and 12, the strong shock wave generated by a blunt nose produces flow condi- 
tions near the plate surface which are quite different from those encountered 
at the corresponding point on the sharp-nose plate. The investigations 
reported in references 1 and l4 and other sources have indicated that separa- 
tion phenomena are strongly dependent on the local flow conditions at the 
beginning of the interaction leading to separation. Therefore, any comparison 
of separated flows influenced by various leading-edge bluntnesses probably 
should be based on these local conditions. Order-of-magnitude studies reported 
in reference 1 have shown that the plateau pressure rise may be expected to 

follow the relation Cp^p = Kf3 0 , 0 the empirical value of K obtained 

from the experimental data of reference 1 being 1.82. Similar relations have 
been obtained in references 2 and 15 with values of K on the order of 1.90. 

An expression for the pressure distribution in the separated-flow region was 
developed in reference l4 by using certain empirical, universal functions; the 


plateau pressure rise was predicted as 



In figure 13, the plateau pressure-rise coefficients obtained from all the 
present tests (with end plates) are compared with the results of references 1, 

2, 3, 4, and 9 for shock- induced flow separation on sharp- leading- edge flat 
plates. Also presented In the figure are the correlation curves of references 1 
and 14. As indicated in figure 11, the data from the present tests are seen to 
divide into two groups; the sharp-nose results (r < 0.001 inch ( 0.003 cm)) 
near Mq = 9* and the blunt-nose results (r = 0.102 and 0.203 inch ( 0.258 and 

0.517 cm)) near Mq = 3* It should be noted that the two lowest points in each 
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group are data from the 10° ramp configurations, for which the plateau pressure 
is not well defined by the present measurements. 

The plateau pressure-rise coefficients for the sharp-leading-edge plates 
with ramps deflected 20 ° and 30 ° (M «= 9) are seen in figure 13(a) to agree 
fairly well with results obtained on similar configurations. The differences 
are partly if not wholly due to different assumptions for the leading-edge 
shock strength. However, except for 9 = 40°, the data for the hlunt-nose 
plates (M ** 3) are seen to fall somewhat below the semiempirical curves, an 
indication that the use of the local Mach number and Reynolds number is not 
completely adequate for correlation of data from both blunt- and sharp-leading- 
edge configurations. A possible reason for this inadequacy is the difference 
between the pressure distributions of the blunt plates (large favorable pres- 
sure gradients) and the sharp plates (small or zero pressure gradients). The 
boundary- layer momentum, which is strongly influenced by the pressure history, 
is fundamentally involved in the separation process, and thus the differences 
in pressure distribution may be expected to have significant effects on the 
characteristics of the separated- flow region. 

In order to investigate the effects of pressure-distribution differences, 
the boundary- layer momentum thickness on the blunt plates was calculated by 
using the similar solutions for compressible laminar boundary layers from ref- 
erence 16, applied in a manner similar to that suggested in reference 17 . The 
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(a) Reynolds number based on Xq. 

Figure 13.- Correlation of the plateau pressure coefficient on the basis of the local flow 
conditions at the beginning of the interaction. End plates on. 



inviscid surface pressure distribution (and hence the velocity distribution, if 
isentropic flow behind the shock wave is assumed) was confuted by modified 
Newtonian theory in the nose region up to the point where the pressure equaled 
that predicted by blast-wave theory and was confuted by blast-wave theory 
(shown in fig. 12) beyond this point. With the variables converted to incom- 
pressible form by a Stewartson transformation (ref. l6) , the velocity distri- 
bution was graphically approximated by two power laws chosen to match the 
momentum thickness at the juncture. The heat transfer in each of the two parts 
was assumed constant, and the momentum-thickness distribution was found for the 
chosen velocity power laws by using the similar solutions of reference 1 6 . For 
comparison with the sharp-leading-edge results, a further calculation was made 
to find the length of a zero-pressure-gradient flat plate Xq necessary to 
produce the calculated momentum thickness at the beginning of the interaction 
on the blunt plates. The results shown in figure 13(b) were obtained by 
replacing Xq with Xq in the Reynolds number for the blunt plates. The data 
points in figure 13 (b) for the blunt-nose plates (1^-, » 3) are seen to be higher 
than the corresponding data points in figure 13 (a); therefore, for the 20° and 
30 ° ramp deflections, there is very good agreement with the empirical correla- 
tion curves based on sharp-leading-edge data. For 0 = 40°, however, the val- 
ues obtained are higher than the correlation curve, possibly because at this 
high deflection angle the shock at reattachment is detached from the ramp. 



(t>) Reynolds n umb er for sharp plates based on x 0 , for blunted plates on the length on a sharp 
plate for the equivalent boundary- layer momentum- thickness development Xq. 

Figure 15.- Concluded. 
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The improvement in the correlation obtained in figure 13(b) over that of 
figure 13 (a) shows that the boundary- layer momentum is important in determining 
the separation characteristics of laminar boundary layers. These results indi- 
cate that the boundary- layer momentum thickness, in conjunction with the local 
Mach number and Reynolds number at the beginning of the interaction, forms the 
proper basis for comparison of boundary- layer separation on sharp- and blunt- 
leading-edge configurations in hypersonic flow. These same parameters are 
expected to be useful in the analysis of the effects of other flow disturbances 
ahead of separated-flow regions. 


CONCLUSIONS 


An investigation has been conducted in the Langley 15-inch hypersonic flow 
apparatus to determine the effects of leading-edge bluntness on the character- 
istics of laminar boundary- layer separation ahead of ramps on a flat plate. 

The tests were made at a Mach number of 10.03 and nominal Reynolds numbers 
of 1.26 X 1(P and I .56 X 10^ per inch ( 4.96 X 10^ and 6.l4 x 10^ per meter), 
with the plate at zero angle of attack. End plates were used on the model to 
approximate two-dimensional flow conditions. 

The results of the investigation indicate the following: 

1. Within the ranges of variables in the present test series, leading-edge 
bluntness reduces the effects of laminar boundary- layer separation by decreasing 
both the length of the separated-flow region and the pressure rise through 
separation. 

2. The decreases in separation pressure rise and in length of the 
separated-flow region ahead of a 30 ° ramp amount to more than one-third of the 
sharp- leading- edge values for an increase in leading-edge radius from less than 
0.001 to 0.102 inch (radius less than 0.003 to O .258 cm), with smaller reduc- 
tions occurring at smaller ramp angles. 

3. Only a small additional reduction in the length of separation and prac- 
tically no further reduction in the pressure rise occur as the nose radius is 
increased from 0.102 to 0.203 inch ( 0.258 to 0.517 cm)* 

4. Correlation of blunt-nose data with those from sharp-leading-edge plates 
shows that the boundary- layer momentum thickness and the local Mach number and 
Reynolds number at the beginning of the interaction form the proper basis for 
comparison of boundary- layer separation characteristics on blunt- and sharp- 
nose configurations. 


Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., November 10, 1965 * 
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